Abstract. Imidazole compound and its derivatives have good corrosion inhibition properties towards metals and alloys. One of its derivative, 2-Phenyl-imidazole [1,2α]pyridine, has a good potential as corrosion inhibitor considering its structure. In this paper, computational studies on 2-phenylimidazole [1,2α]pyridine and the effect of halogen group (F, Cl, and Br) on its corrosion inhibition properties has been performed. The calculations were carried out using Restricted Hartree-Fock (RHF) method with 6-31+G(d,p) basis set in gas phase. Structural optimization shows that all compounds studied in this paper have planar structure. Negative Mulliken charge possessed by nitrogen, halogen, and several carbon atoms indicates the possible sites of adsorption toward metal surface. Calculation results predict that 2-(4-bromophenyl) imidazole[1,2α] pyridine will be a better corrosion inhibitor from the value of electronic properties compared to the rest of the compounds. This compound has highest HOMO energy level and dipole moment, and also has lowest energy gap, LUMO energy, and global hardness. This results was mainly caused by the larger atomic size of bromine atom and the larger difference of electronegativity value between nitrogen atom and bromine atom compared to chlorine and fluorine atoms. The larger difference in electronegativity will results in larger polarity and the larger atomic size will results in lower global hardness.
Introduction
Utilization of corrosion inhibitor is an effective way to decrease corrosion rate in the surface of metal, especially iron. Corrosion inhibitor originated from organic compound has attracted more interest due to its environment-friendly nature compared to inorganic inhibitor. Corrosion inhibitor can slower the corrosion rate because inhibitor compound can be adsorbed to metal surface, forming a thin layer of inhibitor which preventing contact between metal surface and corrosion media. Previous research show that heteroatom of the active group such as N, O, P, and S in the inhibitor molecule contribute to positive effects towards corrosion inhibition efficiency, because these atoms usually become adsorption site to the metal surface [1] [2] [3] [4] [5] [6] [7] .
Computational calculation is a research method that can be used to investigate and predict corrosion inhibition properties of a molecule. This method has been widely used to study various topics in chemistry research such as determination of molecular properties, reaction mechanism, etc, from electronic structure levels [8, 9, 10, 11, 12] . Molecular structure and its electronic properties can be obtained by means of computational calculations. The nature of molecular orbitals including the energy and density of HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) are affecting the activity of inhibitors. The activity of inhibitor towards iron surface also can be studied via the hard-soft acid-base (HSAB) theory [13] .
Imidazole compound and its derivatives are relatively nontoxic, environmental-friendly, and have a good corrosion inhibition properties towards metals and alloys [14] [15] [16] . One of imidazole derivative, i.e. 2-Phenyl-imidazole [1,2α] pyridine, has a good potential as corrosion inhibitor considering from its structure. This compound has lone pairs in nitrogen atoms, conjugated π electrons, and planar structure which support its adsorption to metal surface. The aim of this paper is to investigate molecular structure and electronic properties of 2-phenyl-imidazole [1,2α] pyridine and the effect of additional halogen substituent (F, Cl, Br) to the compound towards its electronic properties and corrosion inhibition efficiency. Computational study of these compounds has not been carried out so far. This study is expected to help scientist in selecting corrosion inhibitor candidate to be tested experimentally.
Methods
In this research, ab initio calcullations were carried out on four potential inhibitor compounds, i.e. 2-phenylimidazole [1,2α] The initial coordinate of atoms in the molecules were generated using Avogadro 1.0 [18] . The molecular structures were optimized until minimum energy is reached without negative frequencies, and then the electronic properties were determined i.e. Mulliken atomic charges, HOMO/LUMO energy gap (EGAP), ionization potential (I), electron affinity (A), electronegativity (χ), global hardness (η), and dipole moment (D). The optimized molecular structures were visualized using Chemcraft 1.8 [19] .
Ionization potential (I) and electron affinity (A) were related to HOMO energy (EHOMO) and LUMO energy (ELUMO) according to Koopman's theorem [20] according to equations (1) and (2): = −
(1) = − (2) Electronegativity (χ) and global hardness of the inhibitor molecules were given by equation (3) and (4) [21] :
3. Results and discussion 3.1. Molecular Structure Optimized structure gives structural parameter information such as bond lengths and dihedral angles. Bond length between atoms in the optimized molecular structure of PIP, 4-FPIP, 4-ClPIP, and 4-BrPIP compounds are listed in table 1. The resulting bond lengths were slightly larger than reference (experimental) values [22] , but in a comparable range. C-C and C-N bond lengths in delocalized system were in the range of 1.3-1.4 Å, while C-H bond lengths were in 0.9-1.1 Å range. C-F, C-Cl and C-Br bond length were increasing respectively, i.e. 1.334 Å, 1.744 Å, and 1.895 Å due to the difference of halogen atomic radius. Dihedral angles for atoms in the cyclic system for all compounds were 0 o and 180 o which indicates that all compounds studied were planar. Optimized 2-dimensional structures for PIP, 4-FPIP, 4-ClPIP, and 4-BrPIP can be seen in figure 1. 
Mulliken Atomic Charges
Mulliken population is a method used to determine atomic charge. Mulliken atomic charge for atoms in PIP, 4-FPIP, 4-ClPIP, and 4-BrPIP compounds were listed in table 2. It was found that all nitrogen atoms and halogen atoms in the compounds possess negative charge. Negative charge also possessed by carbon atoms in the aromatic ring. These negative charges indicate that the molecule can be adsorbed actively to iron metal surface through the negatively charged atoms. The negatively charged atoms were the possible sites of absorption to the metal surface.
Electronic Properties
Electronic properties provide informations about the tendency of inhibitor molecule to interract with metal surface. The electronic properties calculated were dipole moment (D), HOMO energy (EHOMO), LUMO energy (ELUMO), HOMO/LUMO energy gap (EGAP), ionization potential (I), electron affinity (A), electronegativity (χ), and global hardness (η). The values of each electronic properties on each compounds were listed in table 3.
From the calculated dipole moment values, it was found that 4-BrPIP molecule has the highest dipole moment (5.994 D). The compounds have similar value of EGAP in the range of 9.1-9.4 eV which is in agreement with previous report for similar molecule using RHF level of theory [23] . HOMO energy indicates the easiness of electron donation from inhibitor molecule to LUMO of iron metal. Higher HOMO energy will results in the easier electron donation to iron metal. Higher HOMO energy will results in lower ionization potential.
LUMO energy is related to the easiness of electron 'back' donation from iron atom to inhibitor molecule. Lower LUMO energy will results in higher possibility for the 'back' donation to be occured and strenghtening the interaction between inhibitor molecule and the iron metal atom. Lower LUMO energy will results in higher value of electron affinity. 4-BrPIP has the highest HOMO energy, lowest ionization potential, and lowest LUMO energy among the molecules studied in this paper. Therefore, 4-BrPIP has the lowest energy gap i.e. 9.098eV. The energy gap value decreasing with order: 4-FPIP > PIP > 4-ClPIP > 4-BrPIP. The lower energy gap value correlates with better inhibition activities, thus, based on HOMO-LUMO energy, 4-BrPIP will have the highest activity as inhibitor molecule. Electronegativity (χ) is the ability of an atom to attract electron from other atom in a compound. The electronegativity of the inhibitor compounds are lower than iron atom in bulk phase with value around 7 eV [24, 25] . Therefore, the transfer of electron from inhibitor molecules to iron atom can be occured. 4-BrPIP molecule has the second-lowest value of electronegativity (3.030 eV), while PIP molecule has the lowest value of electronegativity (2.989 eV). Lower value of electronegativity is interpreted as more reactive molecule toward metal surface among the molecule studied in this paper. PIP and 4-BrPIP are more reactive toward metal surface because of H and Br atom have higher tendency to donate electron than F and Cl atom due to its electronegativity. Global hardness (η) also can predict chemical reactivity and structural stability of an inhibitor molecule [24, 25] . Lower global hardness indicates a more reactive inhibitor molecule toward iron atom, which results in better inhibition efficiency. 4-BrPIP molecule has lowest value of hardness (4.549 eV), thus having greatest reactivity among the compounds studied in this paper.
Conclusion
Optimized structure and electronic properties of 2-phenylimidazole [1,2α] lengths and dihedral angles with previous experimental report. The calculated electronic properties conclude that 2-(4-bromophenyl)imidazole [1,2α] pyridine (4-BrPIP) has better potential as corrosion inhibitor compared to the other three compounds studied. This compound has largest dipole moment and highest HOMO energy, i.e. 5,994 D and -7,579 eV respectively. 2-(4-bromophenyl)-imidazole [1,2α] pyridine (4-BrPIP) also has lowest value of energy gap, ionization potential, electron affinity, electronegativity, and global hardness, i.e. 9.138 eV, 7.619 eV, -1.519 eV, 3.050 eV, and 4.569 eV respectively.
